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Abstract
We report here a CFD model of highly swirling ow in a quarl burner using three versions
of the k    model. Results for the recirculating zone, the bounding shear layer and the
downstream ow are presented. We discuss, with suitable qualications, how the model
predictions can inform our understanding of this class of ows.
1 Introduction
We report here a CFD study of highly swirling turbulent ow in a quarl burner for which
experimental data is available [3]. A schematic of the axisymmetric geometry is shown
in Fig. 1, and ow conditions correspond to Reynolds and Swirl numbers of 5 10
4
and
0:7, respectively. After passing through a rotating honeycomb vortex generator, the ow
immediately downstream (the approach ow) is close to solid-body rotation. Inside the
quarl, a near-axis inner recirculation zone (IRZ) forms with a complex two-cell structure.
The experiments reveal near-axis ow reversal at station 10, but unidirectional ow much
further downstream from the inlet, indicating that the IRZ back stagnation point is located
somewhere between these two extremes. Thus, in the present case, the IRZ shape is that
of a closed bubble with an elongated downstream tail section.
1 2 3 4 5 6 7 8 9 10
L
y
x
vortex
generator
furnace
R
quarl
Figure 1: Schematic of the ow geometry. Locations of the transverse measurement stations
are also shown.
The IRZ is thought to be a manifestation of bubble-type vortex breakdown (B-VB),
and at least three conicting theories for laminar VB have been proposed, namely, inter-
nal separation [4], hydrodynamic instability [7], and conjugate ow states [1]. However,
the basic assumption that conned recirculation zones are VB phenomena has been con-
tested [2], and, furthermore, the applicability of laminar results to turbulent breakdown
is far from clear. For example, it appears that upstream turbulence levels can directly
aect whether a B-VB will form or not [5], and this cannot be accounted for in laminar
or inviscid theories of breakdown.
In technological applications involving swirl burners, the primary interest is in the
near-eld region, since this is where most of the mixing or combustion may occur [8],
and an important question is what minimum level of turbulence modelling is needed for a
given ow conguration. In a previous paper [6], we addressed this question by comparing
results from three eddy-viscosity models, two of which were based on Renormalisation
Group (RNG) theory, with experimental data at cross-sections within the IRZ. Results
using the standard k  model did not agree with experiments, whereas a k  model with
non-standard model constants correctly resolved the complex two-celled IRZ structure.
We present here new results from the computational study, and discuss, with suitable
qualications, how the model predictions can inform us of the essential physics of this
complex ow. To this end, the paper is organised as follows. We begin with a brief
resume of the governing equations, numerical method and results from our previous work.
New results for the IRZ, the bounding shear layer and the downsteam ow are then
presented and discussed, followed by our conclusions.
1.1 Turbulence Modelling
The standard two-equation k  turbulence model (denoted STD), and RNG modications
to it, is used here. In this approach, the isotropic eddy viscosity 
t
= C

k
2
= is calculated
using values of turbulence energy k and dissipation rate  obtained from their respective
transport equations. The latter may be written in cartesian tensor form as
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where S is the magnitude of the rate of strain tensor. For the STD model, the values for
the constants are C

= 0:09, 
k
= 1:0, 

= 1:3, C
1
= 1:44, and C
2
= 1:92 .
Two modied k   models are also considered. In the rst (denoted R1), the values of
the constants are set to those predicted by RNG theory for highly turbulent ow conditions
[12], namely C

= 0:085, 
k
= 

= 0:7179, C
1
= 1:42, and C
2
= 1:68 .
In the second model R2, three of the constants are allowed to vary with the ow. The
turbulent Prandtl numbers are set via 
k
= 

= 1=, where  is given by [10]
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The constant C
2
also varies, and is given by [11]
C
2
= 1:68 +
C


3
(1  =4:38)
1 + 0:012
3
where  =
Sk

(4)
For all models, standard wall functions were used, and experimental data at station 1
was used to derive inlet conditions for the computations, as described in detail in [6]. The
structured nite-volume code Fluent 4 (Fluent Inc., Lebanon, NH) was utilised to solve the
incompressible axisymmetric formulation of the Reynolds-averaged Navier-Stokes equa-
tions. Grid-independence of results using a bounded Quick scheme on uniformly spaced
182 24 grids was veried via grid renement (see [6]).
2 Results and Discussion
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Figure 2: Proles at station 5 for models R1 (|), R2 (long dash) and Std (short dash) cf. Expt
(symbols): (a) mean axial velocity; (b)
p
2k=3 cf. normal Reynolds stresses (u ; w +).
We begin with a brief resume of our previous work [6], where it was found that
model R1 compared best with experimental data, and correctly predicted the IRZ struc-
ture. Fig. 2(a) is indicative of the results, and shows axial velocity proles for the three
models at station 5. Models R1 and R2 are in good agreement with experiments, whereas
the central ow reversal is signicantly too high for Std model, and the two-celled IRZ
structure is not predicted. The corresponding comparison for turbulence quantities is
shown in Fig. 2(b), where it can be seen that models R1 and R2 predict turbulence levels
comparable to those measured, whereas the Std model predictions are signicantly higher.
From the gure, it can also be seen that the measured normal stresses are approximately
equal and constant inside the IRZ, ie. from the ow axis to the bounding shear layer. We
note that this observation is not unique to this data set (see, eg. [8]).
We now present and discuss further key results.
Eddy viscosity: In Fig. 3(a) the predicted eddy viscosity proles for model R1 are given,
and two main points are of interest. Firstly, we note that 
t
levels increase gradually
with axial distance until station 7 (
max
t
= 0:0070kg=ms), after which much smaller
changes occur further downstream. The corresponding Std model proles were similar to
those shown in Fig. 3(a). However, the peak eddy-viscosity levels were about 2.8 times
higher (
max
t
= 0:0196kg=ms). The results suggest that the signicantly better model R1
predictions are mainly due to the lower eddy viscosity values returned by this model.
Secondly, we note that to a rst approximation, model R1 predicts that 
t
is approxi-
mately uniform from the ow axis to the bounding shear layer (stations 4-7), or to the wall
layer (stations 8-10). The approximately constant cross-sectional eddy viscosity observed
here is similar to self-preserving turbulent ows. Since, for this ow conguration, the
eects of turbulence anisotropy do not need modelling to capture the two-cell structure,
we instead speculate that self-similarity plays some role in determining the IRZ structure.
Naturally, the above comments must be qualied. For example, our conclusions are
for a solid-body approach ow which is not characterised by high or highly anisotropic
turbulence levels. For signicantly dierent approach ows, use of higher order modelling
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Figure 3: Model R1 results: (a) Proles of 
t
at various stations; (b) Schematic of unsteadiness.
may be required to capture the essential ow physics.
Bounding shear layer: Compared with models R2 and Std, the model R1 computations
required a greater degree of underrelaxation to avoid oscillations. To determine any
underlying unsteadiness in the mean ow, time integration of the governing equations
was performed using a large range of timesteps t = 5  10
 4
! 100. For t  0:1 a
nal steady state solution could be obtained.
For t > 0:1 oscillations did not decay. However, these were locally conned to an
upstream region of the bounding shear layer. Interestingly, the noted numerical instabil-
ity occurs in the region where a physical instability called the precessing vortex core is
sometimes observed in swirl burners [9].
A schematic of the approximate region and nature of the computed unsteadiness is
given in Fig. 3(b). Initially, a small annular recirculation zone is observed in the front
portion of the IRZ (this feature is not present in the steady solution obtained using
t  0:1). With increasing time the annular zone diminishes in size and moves in the
direction indicated by the arrow. Before the eye of the zone can reach axial station 6, no
trace of the reciculation zone remains, while at the same time a new annular zone begins
to again emerge in the front portion of the IRZ. Elsewhere the mean streamlines do not
change signicantly.
The relationship, if any, between the numerical and physical instabilities noted above is
unclear. It is possible that the localised numerical instability is primarily due to the lower
levels of turbulence viscosity returned by model R1. Nevertheless, our observations may
be of use to others who wish to undertake CFD modelling of similar ow congurations.
Wall modelling: To check whether the overall ow predictions were sensitively depen-
dent on the wall boundary conditions, we conducted a simple test where the wall functions
were replaced by slip conditions for the axial and tangential velocities. This simplication
lead to wall values which were only about 5 to 15% higher at the upstream stations, and
the upstream proles were not greatly aected.
Downstream ow: In Fig. 4, the computed tangential velocity proles for the three
models at stations 8 & 9 are compared with experiments. The model R1 predictions
follow the measurements reasonably well, with both the measured and computed proles
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Figure 4: Mean tangential velocity proles for models R1 (|), R2 (long dash) and Std (short
dash) cf. Expt (symbols): (a) Station 8; (b) Station 9.
indicating a slight recovery in swirl velocity between the two stations. The Std model
results are less satisfactory than the other models.
The precise downstream location where unidirectional ow is re-established (ie. the
back stagnation point where the IRZ nally closes) was not measured, but the available
experimental data indicates the location is in the range 1:2 < x
back
< 4m. The predicted
locations for models R1, R2 and Std are 1.575, 1.325 and 0:825m, respectively. The
locations for model R1 and R2 are within the experimental range, whereas the recirculating
zone predicted by model Std terminates signicantly further upstream.
Exit conditions: As part of developing the computational model, we conducted extensive
trials which established that the upstream predictions were relatively insensitive to the
location of the exit plane. For example, in one trial using the Std model we positioned
the outlet between stations 9 and 10, and unrealistic inow though the exit plane was
predicted. Even so, the velocity proles for stations 2 to 6 were virtually unaected by
this choice.
If the recirculating ow in the quarl is a manifestation of B-VB, then the limited
results discussed here do not seem consistent with Benjamin's conjugate ow theory [1],
as the theory implies that the ow in the IRZ will be highly sensitive to changes in both
upstream and downstream ow conditions. We again note, however, the possibility that
the present ow conguration is not part of the VB family.
3 Conclusions
A CFD study of turbulent swirling quarl burner ow has been reported here. The standard
k   model (denoted Std), and two variations of this model based on RNG theory (R1 &
R2), were used to model the turbulence. In this work, we presented and discussed results
for the recirculating zone, the bounding shear layer and the downstream ow. Some of
our main ndings were as follows:
1. The Std model overpredicts the extent of ow reversal in the IRZ, and underpredicts
the length of the elongated tail section of the IRZ.
2. Models R1 and R2 are in better agreement with experiment than the Std model in the
IRZ and the ow downstream. The results given here, and previously [6], indicate that
model R1 performs comparitively best of the three.
3. Compared to model Std, model R1 predicts signicantly lower levels of eddy viscosity,
and approximately constant eddy viscosity proles at a ow cross section, similar to self-
preserving ows. We speculate that self-similarity plays some role in determining the IRZ
structure for this ow.
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